The GaN-based heterostructures and related HEMTs (High Electron Mobility Transistors) were investigated by 1MeV neutrons at fluences up to 10 15 cm −2 , yielding an increase of the densities of screw dislocations and edge dislocations for GaN-based heterostructures. It gave the result that neutron irradiation-induced structural defects into GaN-based materials, and the irradiation-induced dislocations would propagate to the material surface causing surface morphology deterioration. However, the GaN-based material strain was robust to neutrons, and the more initial dislocations, the easier to generate irradiation defects and thus, more strongly affecting the electrical property degradations of materials and devices. Meanwhile, the reduction of the two-dimensional electron gas (2DEG) concentration (n s ) caused by irradiation-induced defects led to the reducing the drain current. Moreover, the significant degradation of the reverse gate leakage current at fluences ranging from 10 14 to 10 15 cm −2 could be attributed to the irradiation-induced deep defects. The neutron induced damage was more difficult to anneal recovery than other particles, due to the neutron irradiation-induced deep levels and defect complexes such as defect clusters.
Introduction
GaN-based materials are ideal materials for manufacturing electronic devices with high-voltage, high-temperature and high-frequency applications, due to its superior comprehensive performances; another feature of GaN-based heterostructures and devices is that they have the potential capability to exhibit extremely high radiation hardness. So, GaN-based devices will be a better candidates for applications in outer space and other radiation environment [1, 2] , where the devices have to operate reliably when subjected to irradiations of protons, γ-rays, or neutrons. There had been considerable effort to understand the nature of radiation defects in GaN-based heterostructures [3] [4] [5] . Different from γ-rays and protons, when neutrons irradiate semiconductor materials, they generate not only point defects in the materials, but also defect complexes such as defect clusters, and it is the latter, not the point defect, that is most likely to be generated [6] .
Polyakov et al. [7] reported the neutron irradiation effects on electrical properties of AlGaN/GaN heterostructures. They found that the mobility/concentration product started to decrease appreciably after the fluence of 10 15 cm −2 . John et al. [8] found that the formation process of displacement damage was closely related to temperature by low temperature neutron irradiation on AlGaN/GaN HEMTs. Gaubas et al. [9] studied neutron irradiation of the ammonothermal GaN and analyzed the influence of defects induced by neutron irradiation on the carrier lifetime. Our research group [10] found that the fast neutron irradiation of GaN PIN diodes caused the carrier removal effect at the low reverse bias.
It can be seen that most of the current research on neutron irradiation effects of GaN-based heterostructures are focusing on the degradation phenomenon such as the electron mobility or device parameters caused by irradiations. Much less has been done to study the effects of neutron irradiation-induced structural defects on GaN-based heterostructures. However, a clear understanding of the radiation response of structural defects, especially to different initial material quality will provide important and necessary background knowledge for the radiation reinforcement of GaN-based devices. Therefore, in this work, neutron irradiation effects on the self-developed GaN-based heterostructures and related HEMTs (High Electron Mobility Transistors) are studied by means of analyzing the surface morphology, crystal quality of GaN-based materials and annealing characteristics of HEMTs before and after the irradiation.
Materials and Experiments
In Figure 1 , the HEMT device structure of the fabricated AlGaN/GaN heterostructure is presented. It was grown by metal organic chemical vapor deposition (MOCVD) developed by ourself on (0001) sapphire substrates. The structure was grown unintentionally doped. A 40 nm low temperature GaN (LT-GaN) nucleation layer was initially grown, followed by the deposition of a 100 nm high temperature AlN (HT-AlN) insertion layer. The GaN-based heterostructures and related HEMTs samples were irradiated at room temperature by fast (1 MeV) neutrons at fluences up to 10 15 cm −2 . The material and device properties were tested after irradiations. After neutron irradiation, we used off-line testing to get the effect of neutron on the materials characteristics. Firstly, the crystal quality and surface topography of the related GaN-based heterostructures were studied by Bruker D8 Discover X-ray diffractometer and Agilent 5500 AFM, respectively. Then, the No. 1 sample with more initial structural defects and No. 2 sample with less initial structural defects are selected for the radiation experiments. The effects of neutron on the n s (the two-dimensional electron gas concentration), µ (the mobility of the two-dimensional electron gas) and the series resistance R sh were studied by Hall measurements. While neutron irradiation, an on-line testing on dc characteristics was processed at room temperature using a HP 4155 parameter analyzer. Annealing was carried out at room temperature for 20 h in air. Figure 2 and Table 1 show XRD rocking curves and the corresponding FWHMs of (002) and (102) planes for GaN-based heterostructures before and after 10 15 cm −2 neutrons irradiation, respectively. It can be seen that the FWHMs of both samples increase after irradiation, and that of the (102) planes, it shifts more significantly. As the FWHM of the (002) (the (102)) plane corresponds to densities of screw dislocations (edge dislocations) [11, 12] , the densities of edge dislocations show a larger increment after the irradiation, which indicates that neutron irradiation introduces structural defects (especially edge dislocations) into GaN-based materials. In our previous neutron irradiation studies, the neutron-irradiated GaN-based heterostructures samples also exhibited much greater yellow luminescence (YL) intensities as shown in Figure 3 . It is considered that neutron irradiation-induced structural defects such as vacancies and dislocations are major factors in deteriorating the performance of materials [6, 10, [13] [14] [15] . The FWHM shifts of the No. 1 sample are more noticeable than that of the No. 2 sample, which means that the sample with more initial structural defects would increases more defects after the irradiation, while the one with less initial structural defects will be considerably more radiation-hardened. Figure 4 shows XRD ω-2θ scanning curves of GaN-based heterostructures made by the No. 1 sample before and after 10 15 cm −2 neutrons. It can be seen that the position of the GaN peak almost remains the same as before neutron irradiation, which indicates that neutron irradiation has little effect on the material strain at fluencies up to 10 15 cm −2 . Table 2 lists the main normalized parameters (including the normalized roughness mean square RMS, the normalized surface pit density ρ and the normalized surface pit diameter d). It can be seen that after neutron irradiation, RMS, ρ and d of the materials increase, and the surface morphology deteriorates. The results of XRD and AFM also show that the initial materials with high quality have a small degradation while the initial materials with poor quality have a relatively large degradation. Because the irradiation is more likely to generate point defects or defect complexes at dislocations, the more initial dislocations, the easier to generate irradiation defects and thus, more strongly affecting the electrical property degradations of materials and devices. For further verifications, the neutron irradiation analysis is performed on HEMTs fabricated with No. 1 and No. 2 samples, respectively. Figure 6 shows the transfer characteristics of the two HEMTs before and after neutron irradiation; we can find the HEMT made by No. 1 sample have a more degradation than the HEMT made by No. 2 sample after neutron irradiation. It is considered that irradiation-induced defects are crucial reasons for the reduction of the saturation drain current. Table 3 lists the results of Hall measurements at 300K. After neutron irradiation, the n s (the two-dimensional electron gas concentration) of the GaN-based heterostructures declines, the series resistance R sh rises, while the µ (the mobility of the two-dimensional electron gas) increases slightly. Consistent with AFM and XRD measurements, No. 1 sample has a more radiation degradation. The µ increases slightly after the irradiation mainly due to the modulation of carrier concentrations. The 2DEG expands into GaN after neutron irradiation, reducing the confinement of the heterostructure interface, that is, the shielding effect of carriers on ionized impurities and the phonon scattering grows, so µ rises slightly after the irradiation. The n s decrease caused by irradiation-induced defects leads to the reduction of the drain current. The reverse gate characteristics of HEMTs have degraded obviously after neutron irradiation, as shown in Figure 7 . It can be seen that the reverse gate leakage current reduces obviously after neutron irradiation, and the higher the fluences, the more the reverse gate leakage current degrades. Unlike γ-raysand protons [16, 17] , neutrons react directly with the nucleus, so deep trap defects or defect complexes are easily formed in the material [6, 10, [13] [14] [15] . Once these deep defects trap the gate electrons, the electrons can hardly be detrapped, so at this time, the mechanism of traps is mainly attributed to the carrier removal effect of the deep defects. On the other hand, these electrons are trapped which also obstructs the movement of subsequent electrons, thereby reducing the injection of gate electrons, and decreasing the reverse gate current. After the irradiation, the HEMTs made by No. 1 sample were annealed at room temperature to further observe the properties of neutron irradiation-induced defects. Figure 8 shows the reverse gate characteristics as the anneal time for HEMTs after 10 15 cm −2 neutrons. We do not observe any significant annealing recovery effect on this time scale on remeasured samples, but the parameters also continue to degrade a little, which is completely different from the results of the obvious recovery phenomenon observed in previous irradiation annealing studies [18] . So, 60 Co γ-rays and protons irradiation annealing experiments have also been carried out for GaN-based HEMTs at room temperature, as shown in Figure 9 . After the irradiations of the two kinds of particles, both HEMTs show good annealing recovery. The analysis suggests that the damage caused by γ-rays or protons is generally easier to anneal recovery than neutrons. Protons and γ-rays irradiation at high energy can produce simple point defects in the lattice, while neutrons irradiation can create extended defects. The neutrons displace atoms in the crystal lattice, inducing structural defects such as vacancies, interstitial atoms, dislocations and defect complexes in GaN-based materials [6, 10, [15] [16] [17] . The neutron irradiation-induced defects are easily combined with the structural defects of the materials to form defect complexes during annealing at room temperature, which further degrades the device characteristics, so the neutron annealing recovery was more difficult. Furthermore, comparing Figures 6 and 9 , the proton irradiation seems to affect I DS more strongly than neutron irradiation, because the NIEL (Non-ionizing energy loss) of 1 MeV neutron irradiation is an order of magnitude lower than 3 MeV proton [19] . 
Results and Discussion

Conclusions
The above experimental results show that after neutron irradiation, the GaN-based heterostructure material strain almost remains the same, but the densities of screw dislocations and edge dislocations increase. Neutron irradiation introduces structural defects into GaN-based materials, and the irradiation-induced dislocations would propagate to the material surface, which causes surface morphology deterioration. By analyzing neutron irradiation effects on the heterostructures and HEMTs with different initial structural defect distributions, it is found that the more initial dislocations, the easier it is to generate irradiation defects, thus, more strongly affecting the electrical property degradations of materials and devices. The n s reducing caused by the irradiation-induced defects leads to the reduction of the drain current. Neutron irradiation frequently induces deep levels and defect complexes, and the neutron-induced damage is more difficult to anneal recovery than γ-rays or protons.
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